CD80 is mainly expressed on Ag-presenting cells (APCs) as a costimulatory molecule but is also detected on T cells. However, the origin and physiological role of CD80 on CD8 + T cells remain unclear. In the present study, we demonstrated that effector and memory CD8 + T cells, but not naïve CD8 + T cells, displayed CD80 molecules on their surfaces after acute lymphocytic choriomeningitis virus infection. Using adoptive transfer of CD80-knockout (KO) CD8 + T cells into a wild type or CD80-KO recipient, we demonstrated that the effector CD8 + T cells displayed CD80 by both intrinsic expression and extrinsic acquisition, while memory CD8 + T cells displayed CD80 only by extrinsic acquisition. Interestingly, the extrinsic acquisition of CD80 by CD8 + T cells was observed only in the lymphoid organs but not in the periphery, indicating the trogocytosis of CD80 molecules via interaction between CD8 + T cells and APCs. We compared the recall immune responses by memory CD8 + T cells that either extrinsically acquired CD80 or were deficient in CD80, and found that CD80, presented by memory CD8 + T cells, played a role in limiting their expansion and IL-2 production upon exposure to secondary challenge. Our study presents the in vivo dynamics of the extrinsic acquisition of CD80 by Ag-specific CD8 + T cells and its role in the regulation of recall immune responses in memory CD8 + T cells.
INTRODUCTION
After acute viral infection, naïve T cells become activated and begin to proliferate following Ag recognition. In the contraction phase, most of the effector T cells undergo apoptosis and only a small population of the T cells survives and differentiates into memory T cells (1) . The best-known marker for Ag-experienced T cells, that is, CD44 is expressed not only on activated T cells, but also on some naïve T cells that display a memory-phenotype (2, 3) . In addition, other markers, including CD62L and CD127, which represent memory T cells, are also upregulated on memory-like naïve T cells, and thus, memory T cells cannot be distinguished from such naïve T cells (1) . Therefore, it is important to identify new markers for Ag-experienced T cells, including true-memory T cells.
Previous studies have shown that biotin-labeled surface components of Ag-presenting cells (APCs) were detected in T cells after activation with viral peptide or infection (4, 5) . Among the APC surface components, CD80 molecules could be acquired by in vitro activated CD4 + T cells, and the amount of acquisition was directly related to the strength of the signal mediated via a peptide-MHC on the APCs (6) . In other words, activated T cells can extrinsically acquire CD80 molecules from APCs via trogocytosis, a cell-contact dependent uptake of plasma membranes and associated molecules. However, the in vivo kinetics of trogocytosed CD80 molecules on Ag-specific T cells remain unknown.
The costimulatory molecules, CD80 and CD86, are expressed on APCs and share their ligands, CD28 and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), on T cells (7) . Since CTLA-4 binds to CD80 and CD86 with a higher affinity and avidity than CD28, an inhibitory signal for T cells via CTLA-4 is superior to a costimulatory signal via CD28 (8) .
A previous study has shown that CD80 interacts with PD-L1 and its affinity is intermediate between the affinity of CD28:CD80 and CTLA-4:CD80. CD80 and PD-L1 can specifically interact to inhibit in vitro T cell proliferation and cytokine production (9) . However, the physiological role of extrinsically acquired CD80 on T cells has not yet been studied.
Here, we reported that CD80 molecules are detected on Ag-specific CD8 + T cells for a long time period after virus infection but not on naïve T cells. The persisted CD80 molecules on CD8 + T cells later point after infection was observed only in the lymphoid organs, but not in the periphery, which was mainly caused by extrinsic acquisition rather than intrinsic expression. The memory CD8 + T cells that extrinsically acquired CD80 exhibited less in vivo expansion and IL-2 production in the recall responses than CD80-deficient memory CD8 + T cells, suggesting the potential role of CD80 on memory CD8 + T cells in regulating the intensity of recall immune responses.
MATERIALS AND METHODS

Mice and viral infections
Five-to six-week-old female C57BL/6 and CD80-knockout (KO) mice were purchased from the Jackson Laboratory. Lymphocytic choriomeningitis virus (LCMV) GP 33-41 epitope-specific TCR transgenic P14 Thy1.1 mice were provided by Dr. Rafi Ahmed (Emory University School of Medicine, Atlanta, GA, USA). CD80-KO mice and P14 Thy1.1 mice were bred to generate CD80-KO P14 mice. For acute infection, mice were infected with 2×10 5 plaque-forming units (PFUs) of LCMV armstrong (Arm) via intraperitoneal injection or with 2×10 6 PFUs of LCMV Arm via intravenous injection. For chronic infection, mice were infected with 2×10 6 PFUs of LCMV clone 13 (CL13) via intravenous injection. All mice were maintained in a specific pathogen-free facility in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines at Yonsei University. Animal experiments were approved by the IACUC of Yonsei University (IACUC No. 201709-629-02) and conducted in accordance with approved IACUC protocols.
Abs and flow cytometry
PBMCs and lymphocytes from the tissues were maintained as described previously (10) . For phenotypic analysis of Ag-specific CD8 + T cells derived from the blood and tissues, cells were stained with the following fluorochrome-conjugated Abs in PBS containing 0.2% FBS: Abs against CD62L , CD44 (IM7), CD4 (GK1.5), CD107a (1D4B), CD90.1 (Thy1.1; OX-7), and CD90.2 (Thy1.2; 53-2.1) (BD Biosciences, San Jose, CA, USA); Abs against CD80 (16-10A1) (Biolegend, San Diego, CA, USA); and Abs against CD8 (53-6.7) and CD127 (A7R34) (eBiosciences, San Diego, CA, USA) in the presence of virus-specific tetramer. H-2D b tetramers bound to GP 33-41 peptides were generated and used as previously described (11) . For intracellular cytokine staining, splenocytes were re-stimulated ex vivo for 5 h with 0.2 µg/ml of LCMV GP 33-41 peptide for CD8 + T cell activation in the presence of GolgiPlug (BD Biosciences) and GolgiStop (BD Biosciences). The stimulated cells were fixed, permeabilized, and stained with the fluorochrome-conjugated Abs against IL-2 (JE6-5H4), IFN-γ (XMG1.2), and TNF-α (MP6-XT22) (BD Biosciences). To remove the dead cell population, the Live/Dead Fixable Dead Cell Stain Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) was used in staining procedures. Flow cytometry was performed using the FACSCanto II (BD Biosciences). Data was analyzed using FlowJo software (Treestar, Ashland, OR, USA).
Cell enrichment and adoptive transfer
For P14 cell enrichment, P14 cells were isolated from the spleen (SP) using a CD8 + T cell isolation kit by negative selection (Miltenyi Biotec, Bergisch Gladbach, Germany 
Memory CD8 + T cell generation
For establishment of CD8 + memory T cells in vivo, 5×10 3 CD80-KO P14 CD8 + (Thy1.1/1.2) T cells were adoptively transferred into either WT or CD80-KO recipient mice, followed by infection with 2×10 5 PFUs of LCMV Arm. After 60 days, total CD8 + T cells were isolated from the SP by MACS, followed by sorting of memory P14 cells from the bulk CD8 + T cells using the BD LSR II sorting system (BD Biosciences).
Statistical analysis
Data were analyzed using the 2-tailed unpaired Student's t-test with GraphPad Prism software (GraphPad Software, San Diego, CA, USA). Results were presented as the mean±SEM. Differences with a p value less than 0.05 were considered statistically significant.
RESULTS
Upregulated CD80 persists for a long time in Ag-specific CD8 + T cells compared to naïve T cells after virus infection
To investigate the kinetics of CD80 molecules within T cells following acute or chronic LCMV infection, mice were infected by the same route with LCMV Arm or CL13 with the same dose. The SP isolated from the infected mice was analyzed by flow cytometry. Compared with the expression of CD80 on naïve CD8 + T cells, the expression of CD80 was upregulated in Ag- Fig. 1B and C) . The frequency of these CD80-expressing cells was higher in CD44 hi CD8
+ T cells compared with CD44 hi CD4 + T cells. More interestingly, the percentage of CD80-expressing cells in Ag-specific CD8 + T cells was still observed in the SP at day 60 post-infection ( Fig. 1D and E) . Taken together, CD80 levels were upregulated on Ag-specific CD8 + T cells, and the upregulation of CD80 was maintained on memory or exhausted CD8 + T cells for a long time regardless of LCMV virus strain, suggesting that CD80 could be a subset for Ag-experienced T cells. 
Ag-specific CD8 + T cells transiently upregulate CD80 expression in a cellintrinsic manner
First, we assessed whether or not CD80 molecules found on Ag-specific CD8 + T cells were intrinsically expressed. WT and CD80-KO P14 CD8 + T cells with different congenic markers were adoptively transferred together into CD80-KO mice, followed by infection with LCMV Arm (Fig. 2A) . In this setting, the appearance of CD80 molecules on WT P14 CD8 + T cells represents intrinsic expression since CD80-KO recipient mice do not present CD80 molecules. The frequency between donor WT and CD80-KO P14 CD8 + T cells among CD8 + T cells in the blood showed similarity in CD80-KO recipient mice at each day post-infection ( Fig. 2B) . Interestingly, upregulation of CD80 was observed on donor WT P14 CD8 + T cells during the effector T cell differentiation period, and the CD80 level gradually decreased and disappeared in the blood of CD80-KO mice after day 50 post-infection ( Fig. 2C and D) . As control, CD80-KO P14 CD8 + T cells did not show any level of CD80 in the blood of CD80-KO mice at all the post-infection time points. In conclusion, these results indicated that the intrinsic expression of CD80 on Ag-specific CD8 + T cells occurs during the early phase of T cell differentiation but not posteriorly. 
Extrinsic acquisition of CD80 by Ag-specific CD8 + T cells occurs in the lymphoid organs
Given that upregulation of CD80 by in vitro activated CD4 + T cells is originated from APCs (6), CD80 expression on Ag-specific T cells may be derived extrinsically after virus infection. In the previous experiment, we found that CD80 molecules on Ag-specific CD8 + T cells were maintained for a long time after virus infection (Fig. 1A and D) ; however, their intrinsic expression was limited only to the effector phase ( Fig. 2C and D) . Therefore, we investigated whether the extrinsic acquisition of CD80 actually contributes to the maintenance of CD80 levels on Ag-specific CD8 + T cells and where the phenomenon occurs in vivo. To address this question, WT or CD80-KO P14 CD8 + T cells with different congenic markers were adoptively transferred into WT mice containing CD80, followed by infection with LCMV Arm (Fig. 3A) . In this context, the appearance of CD80 molecules on CD80-KO P14 CD8 + T cells represents the extrinsic acquisition of CD80 since WT recipient mice can provide CD80 molecules. In contrast, CD80 molecules on WT P14 CD8 + T cells originated from both extrinsic acquisition and intrinsic expression of CD80.
The mice were sacrificed at the effector phase (days 8 and 15 post-infection) and each population of donor cells were isolated from lymphoid organs or peripheral tissues (Fig. 3B) . We analyzed the extrinsic acquisition of CD80 by Ag-specific CD8 + T cells in the blood, lung (LG), and lymphoid organs, including lymph node (LN) and SP. Interestingly, substantial levels of CD80 were observed on CD80-KO P14 CD8 + T cells in the LN and SP, indicating extrinsic acquisition of CD80 by Ag-specific CD8 + T cells in the lymphoid organs ( Fig. 3B  and C) . In contrast, the extrinsic acquisition of CD80 on CD80-KO P14 CD8 + T cells was rarely observed in the blood and LG. In parallel, the percentage of CD80-expressing cells and the levels of CD80 among WT P14 were much higher in the lymphoid organs compared to the blood or LG (Fig. 3B-D) . The highest mean fluorescence intensity of CD80 by Agspecific CD8 + T cells was found in the LN, suggesting that the LN would be the first site where trogocytosis was induced. Surprisingly, at 80 days post-infection, CD80 molecules were still maintained by CD80-KO P14 CD8 + T cells in the SP similar to WT P14 CD8 + T cells ( Fig. 3E and F) , indicating that memory CD8 + T cells sustain CD80 molecules through the extrinsic acquisition of CD80 in lymphoid organs as previously mentioned (4) . In conclusion, these data suggested that the extrinsic acquisition of CD80 by Ag-specific CD8 + T cells is an evidence of interaction between APCs and T cells at the immunological synapse of the lymphoid organs.
CD80 extrinsically acquired by Ag-specific CD8 + T cells does not alter their capability to produce effector cytokines
Although there is a possibility that either intrinsic and extrinsic factors may contribute to CD80 upregulation by T cells at the effector stage, CD80 upregulation by CD8 + T cells is mainly derived from the extrinsic acquisition at the memory stage ( Fig. 3E and F) . To investigate the ability of CD80-acquired T cells to produce cytokines at a later stage of infection during the memory responses, we transferred CD80-KO P14 CD8 + T cells into either WT or CD80-KO recipient mice, followed by infection with LCMV Arm (Fig. 4A) . The mice were sacrificed at day 80 post-infection and the production of effector cytokines was analyzed in CD80-acquired and CD80-deficient P14 CD8 + T cells. After restimulation of splenocytes with virus-specific peptide, GP 33-41 , CD80-acquired CD8 + T cells (CD80-KO P14 cells from WT mice) and CD80-deficient CD8 + T cells (CD80-KO P14 cells from CD80-KO mice) exhibited a similar percentage and number of effector cytokine-producing cells and expression levels of effector cytokines in the SP (Fig. 4B and C) . CD80-KO P14 CD8 + T cells in either WT or CD80-KO mice, which did not acquire CD80, also showed similar levels of cytokine production. In addition, the polyfunctionality and cytotoxicity of Ag-specific CD8 + T cells showed no difference between CD80-acquired and CD80-deficient P14 CD8 + T cells ( Fig. 4D and E,  Supplementary Fig. 1 ). Thus, these results suggested that the extrinsic acquisition of CD80 by Ag-specific CD8 + T cells does not have an impact on their function regarding cytokine production, at least under in vitro stimulation conditions. WT P CD KO P PBMC WT P CD KO P
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The extrinsic acquisition of CD80 by CD8 + T cells reduces their recall responses upon second LCMV infection
In the previous experiment, we found that the presence or absence of CD80 on memory CD8 + T cells did not affect their role in the production of cytokines under in vitro stimulation. However, since the memory CD8 + T cells can interact again with APCs in lymphoid tissue after secondary exposure to Ags, we tried to compare in vivo expansion and function of CD80-acquired or CD80-deficient memory CD8 + T cells during recall responses. In order to validate these observations, WT and CD80-KO mice were transfected with CD80-KO P14 CD8 + T cells, and subsequently, infected with LCMV Arm. At day 60 post-infection, CD80-acquired and CD80-deficient P14 CD8 + T cells were co-transferred into naïve CD80-KO mice and the recipient mice were challenged with the same virus (Fig. 5A) . We confirmed that the frequency of CD80-acquired memory P14 CD8 + T cells was equal to that of CD80-deficient memory P14 CD8 + T cells before transfer (Fig. 5B) . During the recall response, CD80-acquired memory P14 CD8 + T cells exhibited a significantly reduced expansion compared to CD80-deficient memory P14 CD8 + T cells in the blood at weeks 1 and 2 post-challenge (Fig. 5C) . We also found that the frequency of CD80-acquired donor P14 CD8 + T cells was 3 times lower than that of CD80-deficient donor P14 CD8 + T cells in the SP at day 17 post-challenge (Fig. 5D) . When donor P14 CD8 + T cells were stimulated in vitro, there was no difference in the secretion of IFN-γ and TNF-α between 2 different donor P14 CD8 + T cells. However, the ability for IL-2 production significantly decreased in CD80-acquired donor P14 CD8 + T cells compared to CD80-deficient memory T cells (Fig. 5E) . In summary, these data indicated that extrinsic acquisition of CD80 on memory CD8 + T cells negatively regulates their in vivo expansion and IL-2 production during recall responses. 
DISCUSSION
In this study, we found that the CD80 levels were maintained by Ag-specific CD8 + T cells during the effector and memory phases. The maintenance of CD80 in the memory phase was caused by the extrinsic acquisition from the lymphoid organs. Previous reports have shown that the CD80 acquisition by human CD4 + T cells was observed during the early stages of activation (12) . In agreement with this finding, we confirmed that CD80 was detected during the early stages of activation (Fig. 1B and C) . However, to our knowledge, the present study is the first to demonstrate the maintenance of CD80 levels by Ag-specific CD8 + T cells in lymphoid organs after virus infection and for a long period, suggesting that CD80 extrinsically acquired by Ag-specific CD8 + T cells in lymphoid organs could define the characteristics of Ag-experienced CD8 + T cells. More importantly, we newly demonstrated that CD80 present on memory CD8 + T cells was involved in limiting their ability of expansion and IL-2 production, which suggested the in vivo physiological role of CD80 in the firing of recall responses by memory CD8 + T cells.
Importantly, the extrinsic acquisition of CD80 by T cells persisted at the later stages of infection after Ag clearance. One possible explanation is that memory CD8 + T cells interact more efficiently with APCs, such as DCs and macrophages, than naïve CD8 + T cells and thus, might acquire or trogocytose CD80 from APCs via the interaction period, even though these APCs do not load specific Ag peptides. Given that the Ag-independent DCs can interact with T cells at the immunological synapse and induce T cell activation (13) , APCs that are physically close to memory T cells might be associated with maintaining high levels of CD80 on memory CD8 + T cells in an Ag-independent manner. Another explanation for CD80 longevity may be the different stabilities of intrinsic expression of CD80 and extrinsic acquisition of CD80 on T cells. While intrinsically expressed CD80 molecules progressively disappeared on Ag-specific CD8 + T cells during the effector T cells differentiation, which began at day 30 post-infection, extrinsically acquired CD80 molecules were maintained even after day 80 post-infection ( Fig. 2C and D, Fig. 3E and F) . The importance of CD80 trogocytosed by T cells can be suggested based on the previous reports. Firstly, the extrinsic acquisition of CD80 on T cells may be required for the induction and maintenance of Agspecific memory T cells, since the differentiation and function of those T cells were impaired in primary immune response of CD80/CD86-KO mice (14, 15) and in recall responses (15) . As the previous study did not identify the levels of extrinsic acquisition of CD80 by T cells during recall response, it is not known exactly whether this effect is derived from the acquisition of CD80 and CD86 or other mechanisms. In the current study, we established the in vivo system to examine the role of extrinsically acquired CD80 by Ag-specific CD8 + T cells. CD80 acquisition during T cell differentiation did not seem to change the frequency and function of Ag-specific CD8 + T cells during their differentiation (Fig. 4) . CD80 present on memory CD8 + T cells rather inhibited cell expansion and IL-2 production during recall response (Fig. 5) . It should be noted that CD80, extrinsically acquired by CD8 + T cells, plays a role in regulating recall CD8 + T cell response, which is quite different from the immunological role of CD80 intrinsically expressed by APCs. Secondly, based on previous reports that the in vitro CD80 acquisition by T cells from APCs allows T cells to become APCs (6, 12) , T cells that acquired CD80 may act as APCs by allowing T cell-T cell interactions (16, 17) . Based on our in vivo effect of CD80, extrinsically acquired by CD8 + T, cells on their recall response (Fig. 5) , the possible role of CD80 on CD8 + T cells does not seem to have a substantial impact on delivery of stimulation signals to overcome its regulatory function, at least during recall response. However, the dimension of the impact of CD80 acquired by CD8 + T cells in priming CD8 + T cells during the primary response should be more carefully reconsidered in vivo. Thirdly, CD80 molecules on T cells might inhibit T cell immune responses by interacting with PD-L1, because it has been reported that PD-L1 can deliver negative signals to CD8 + T cells via CD80 engagement (9) . This possibility is also supported by some studies indicating that the interaction between PD-L1 and CD80 is required for the induction and maintenance of peripheral T cells tolerance, the regulation of memory T cells homeostasis, and the control of the effector T cells response via inducing apoptosis (18) (19) (20) . Indeed, the current study clearly demonstrated that CD80, extrinsically acquired by Ag-specific CD8 + T cells, significantly inhibited Ag-dependent expansion of memory CD8 + T cells and their IL-2 production under in vivo re-exposure to the same Ag (Fig. 5) , which supports the negative regulatory role of CD80 present on CD8 + T cells. According to a recent study showing that CD80 on APCs interact with PD-L1 on the same cells (21, 22) , CD80 acquired by CD8 + T cells might also interact with PD-L1 expressed on the same CD8 + T cells to activate a recall immune response.
Our data showed that CD80 molecules are extrinsically acquired by Ag-specific CD8 + T cells in the lymphoid organs and further maintained continuously. This continuous existence of CD80 on memory CD8 + T cells appeared to be important in promoting an appropriate recall immune response, dampening excessive CD8 + T cell recall responses. Our study provides information about a novel characteristic of Ag-experienced CD8 + T cells in lymphoid organs. More importantly, the physiological role of CD80 present on memory CD8 + T cells could be applied to generate optimal recall immune responses against repeated infection with pathogens.
